Abstract-This paper proposes a new soft-stalling control strategy for grid-connected small wind turbines operating in the high and very high wind speed conditions. The proposed method is driven by the rated current/torque limits of the electrical machine and/or the power converter, instead of the rated power of the connected load, which is the limiting factor in other methods. The developed strategy additionally deals with the problem of system startup preventing the generator from accelerating to an uncontrollable operating point under a high wind speed situation. This is accomplished using only voltage and current sensors, not being required direct measurements of the wind speed nor the generator speed. The proposed method is applied to a small wind turbine system consisting of a permanent magnet synchronous generator (PMSG) and a simple power converter topology. Simulation and experimental results are included to demonstrate the performance of the proposed method. The paper also shows the limitations of using the stator back electromotive force to estimate the rotor speed in PMSG connected to a rectifier, due to significant d-axis current at high load.
a boost converter [5] [6] [7] [8] [9] [10] [11] , [25] . Alternatively, a boost rectifier has also been proposed [26] . An active rectifier with only three active switches was proposed in [19] . To interface the generating system with the grid, either an H-bridge inverter [4] [5] [6] [7] or threephase phase inverter [9] [10] [11] can be used. With the aim of reducing the number of power components in the passive rectifier plus boost converter plus H-bridge configuration, a special backto-back inverter was proposed in [27] . However, that solution implies a more complex control and the need of a shaft position sensor. To avoid the use of a shaft position sensor using such topology, a sensorless controller was developed in [13] . The simplest topology based on the passive rectifier, boost rectifier, and H-bridge converter is used in the present study.
One of the challenges in the operation of small wind turbines is the control and protection under high wind speeds. Whenever the wind power exceeds the turbine power rating, the turbine must be operated below its maximum efficiency point to prevent damage. Some braking mechanism must be enabled if the wind power excess is too high. Pitch control, furling control, stall control, mechanical brakes, and electric brakes have been proposed for this purpose [16] , [28] . The electric brake using a crowbar to shortcut the generator windings to produce a high braking torque is the preferred option for small wind turbines, due to its simplicity and reduced cost. However, this method has some drawbacks, including a high torsional torque in the turbine shaft and large currents in the generator windings, which can eventually damage the system. To avoid the activation of the crowbar or the use of more complex methods, soft-stall control was proposed for small wind turbines [8] , [14] , [20] , [25] , [29] to limit the extracted power to the demanded power by the load. Soft-stall methods operate the turbine at a nonoptimal tip speed ratio (TSR) to decrease the power extracted from the wind.
The proposed soft-stall methods [8] , [14] , [20] , [25] , [29] consider that a high wind speed condition is produced when there is a mismatch between the maximum wind power that can be extracted with the turbine and the load demand. Therefore, the TSR is reduced to make the extracted power equal to the load power. Those methods assume that the generator drive (i.e., generator and power converter) can always produce a torque to counteract the torque produced by the wind turbine. Nevertheless, in grid connected applications, assuming a strong grid, the maximum power that can be extracted will only be imposed by the rated power of the generating system. In this case, the relevant variable that must be kept under control in terms of high wind speed protection is the turbine torque rather than the turbine power. A high wind speed is here considered that producing some torque above the rated value of the generator drive within the operating generator speed range. This paper proposes a soft-stall method to maintain the turbine generating during high wind speed conditions without connecting the crowbar. In some situations, the torque exerted by the wind turbine will surpass the maximum value of the generator drive, and the crowbar (or a mechanical brake) will be unavoidable activated to stop the turbine. Once the turbine is stopped, a strategy for its restart is needed. This is not obvious, as low cost systems do not include wind speed sensors. Commercial microturbines often wait a short period of time before restarting whenever the electrical brake is activated. If the wind speed remains too high, the wind turbine starts and stops repeatedly, which stresses and can eventually damage the system in the long term. On the contrary, disconnecting the wind turbine longer than needed obviously has a negative economic impact. The proposed method allows automatic reconnection by maintaining the turbine operating at low speed while the wind speed remains high. This reduces both the mechanical and electrical stress over the generating system and additionally increases the energy harvested from the wind. However, the economic improvement of the latter will be ultimately dictated by the number of high wind speed events along the year and the electricity price.
The developed method has two unique and distinctive characteristics: 1) It is driven by the rated current/torque limits of the electrical machine and/or the power converter, instead of the rated power of the connected load; 2) It deals with the problem of system startup during a high wind speed situation. The method uses only current and voltage sensors which are typically available in low-cost microwind turbines, being therefore a cost-effective solution. The method has been simulated and implemented on a 2.5-kW wind generator system, consisting of a permanent magnet synchronous generator (PMSG) , a diode rectifier, a boost dc/dc converter, and an H-bridge inverter for single-phase grid connection. It is noted however that the proposed concept is also applicable to other machine designs and power converter topologies. Fig. 1 shows a schematic representation of the system. It consists of a wind turbine directly coupled to a three-phase PMSG and an integrated power converter. The hardware components seen in Fig. 1(a) are described in this section, while the control loops shown in Fig. 1(b) and (c) will be described in Sections III and IV.
II. SYSTEM DESCRIPTION

A. Wind Turbine
A fixed-pitch wind turbine has been used in the present study. Table I summarizes some characteristic turbine parameters. The power extracted by a wind turbine depends on the wind speed, the constructive parameters of the turbine, and the rotor speed (1)
where P is the extracted power, ρ is the air density, A R is the swept area, R is the turbine radius, c p the power coefficient, λ = (ω rm R)/v w the TSR, ϑ the blades pitch angle, ω rm the rotor mechanical speed, and v w the wind speed. However, the power coefficient depends only on the TSR in fixed-pitch turbines. This power coefficient can be approximated by a nonlinear function whose parameters can be estimated from experimental data [30] . Steady-state power versus rotor speed experimental data provided by the turbine manufacturer, including wind speeds up to 26 m/s, have been used in the present study to obtain the power coefficient curve seen in Fig. 2 , where c p max is the maximum power coefficient obtained with the optimal TSR λ max .
The curve seen in Fig. 2 has been used both in simulations and in the wind turbine emulator to obtain the power and torque exerted by the turbine at different wind speeds, including high wind speeds. The model presents the following limitations: 1) The effect of passive stall over the turbine blades at high wind speed is not considered. This provides a worst-case scenario to the present study from the point of view of high wind speed protection, since the actual torque at high wind speeds would be smaller than the predicted by the model. 2) Dynamic stall effects are not included in the model. Therefore, the torque variations due to excursions from the static power coefficient when the wind speed changes can be seen as disturbances for the proposed control system. 3) Considerations about the possible mechanical stresses, vibrations, and system mechanical or structural failure are not covered in this paper. The study is focused in the protection of the electrical subsystem.
B. PMSG and Rectifier
A PMSG whose parameters are shown in Table II is used to perform the electro-mechanical conversion. It is directly coupled to the wind turbine shaft without a gearbox. The machine produces a three-phase voltage, E, at no load, whose magnitude and frequency change proportionally to the rotor speed of the machine (2), with K e being the back electromotive force (EMF) constant and ω r the rotor speed.
When the machine is loaded, the output voltage decreases due to the stator impedance, the model given by (3) is often used, where ω r is the rotor speed, V gen is the phase-to-phase RMS voltage, and I g is the RMS phase current. This model is then combined with the rectifier model to obtain the rectifier voltage and to map the power-speed curves to power-voltage ones [5] , [8] , [20] 
However, that model is not accurate since the current vector is not necessary orthogonal to the back EMF voltage vector of the machine when a passive rectifier is used, mainly due to the presence of the input capacitor. Therefore, some d-axis current is produced, weakening the machine flux and decreasing the back EMF. That makes the voltage seen by the rectifier smaller than the value provided by (3). Obtaining analytical expressions for this voltage drop is not straightforward. This problem was overcome by characterizing the combined behavior of the PMSG and the rectifier by means of numerical simulation. Several rotor speeds and current levels were imposed to the PMSG and the corresponding rectifier output voltage and the exerted torque were obtained. The simulations showed a significant d-axis component of the stator current vector when the boost current increases. Fig. 3 shows the relationship between the generator speed and the rectifier voltage when the boost current needed to match the torque produced by the turbine at different wind speeds is drawn from the generator. It is clearly seen in Fig. 3 that the voltage drop of the stator voltage cannot be only explained by the stator impedance due to the nonlinear behavior of the voltage drop as the wind speed (i.e., current level) increases. Fig. 4 shows the steady-state power versus rotor speed curves of the turbine for different wind speeds. The electrical power that can be extracted from the rectifier is inferior to the mechanical power due to the generator losses, as can be seen in Fig. 4 . This produces a displacement of the actual maximum power point trajectory (MPPT).
Since the mechanical speed is not measured, the electrical power versus the rectifier voltage curves can be used instead for MPPT, as can be seen in Fig. 5 . The dotted line shows the actual MPPT, while the segmented line is the approximated MPPT used by the MPPT controller. The cut-in wind speed is set to 5 m/s corresponding to a rectifier voltage of 280 V, termed V R MIN . V R MAX is the maximum rectifier output voltage the system can withstand. This limit is imposed by the rated voltage of the input capacitors and the power devices. Beyond that voltage, the system cannot follow the MPPT.
In order to implement and effective turbine protection, the current/torque versus rectifier voltage curves must be carefully analyzed. Fig. 6 shows the current required to produce a generator torque counteracting the turbine torque, in terms of the rectifier voltage for different wind speeds. It is observed in Fig. 6 that the maximum wind speed that can be serviced by the system without exceeding the rated current, I B RATED (3.7 A), is 14.8 m/s. The turbine torque produced by a wind speed of 21 m/s can be withstood by the generator by transitory exceeding the rated current to reach the maximum admissible level, I B MAX (i.e., 10 A in our system). This limit will depend on the transient overload capacity of the PMSG and of the power electronics and must be selected during the hardware design. Above that wind speed, the turbine can only be controlled at a relatively low rotor speed/rectifier voltage. At the cut-in voltage V R MIN (280 V) the generator can withstand sustained wind speeds up to 32 m/s by delivering the rated current. If the voltage is reduced to V R SAFE , sustained wind speeds of up to 35.3 m/s can be withstood by the electrical system and keep it generating. Above that level, hurricane wind speeds would require the use of external brake systems (automatic or manual) since they imply sustained torque solicitations beyond the rated torque of the generator. It is again remarked that mechanical or structural failure considerations have not been made in this study.
C. Power Converters and Sensors
The power converter topologies used in this paper have been shown in Fig. 1 . The three-phase diode rectifier converts the three-phase voltage supplied by the generator into a dc voltage, v r . A boost dc/dc converter is then used to obtain a dc voltage, v dc , larger than the rectified grid voltage. The parameters of the boost converter can be found in Table III . An H-bridge inverter is used to inject current, i g , into the grid. In order to connect the inverter output with the grid, an inductive line filter is included. This is the most used topology in low-cost grid-tied wind turbines [22] [23] [24] .
A reduced set of variables are measured to control the power converter, as can be seen in Fig. 1 . These include the rectifier voltage v r , the dc-link voltage v dc , the grid voltage v g , the boost inductor current i b , and the grid current i g . Voltages are measured using resistor-based sensors while Hall-effect sensors are used to measure the currents.
III. POWER CONVERTER CONTROL
Two independent control loops are used to control both the boost converter and the H-bridge inverter, as can be seen in Fig. 1(b) and (c). This section describes the different controllers used and their main control design goals. However, a detailed description about the tuning procedure and the subsystem models is beyond the scope of this paper.
A. Boost Converter Control
The wind turbine speed is controlled by the boost dc/dc converter, which demands the current needed to create the required braking torque in the PMSG. The speed of the turbine is indirectly controlled by imposing a rectifier output voltage, v r , according to the characterization described in Section II-B. The command for the rectifier output voltage, v * r , comes from a block that has been called "v * r generator," as can be seen in Fig. 1(b) , which includes both MPPT and overspeed protection algorithms, as it will be described in Section IV.
The rectifier output voltage is controlled using a cascaded control, in which the outer loop controls the rectifier output voltage, v r , by commanding a boost current command, i * b , to the inner loop controlling the boost converter current. The output of the current controller is the voltage to be imposed to the boost converter inductance, v * l , which is translated into a duty command, g B , by a pulse width modulation (PWM) generator block. Conventional proportional-integral (PI) controllers (4) are used in both control loops
where k p is the proportional gain, k i is the integral gain, and s the Laplace operator. It is noted that the gains differ for each controller.
The sign in the rectifier output voltage error calculation in Fig. 1(b) is reversed since to increase the rectifier voltage the boost current must be decreased. The boost current controller has been tuned to achieve a 500 Hz bandwidth with no overshoot in the step response. The rectifier output voltage controller has been tuned to achieve a bandwidth of only 0.1 Hz with a maximum admissible overshoot of 5% in the step response. The reason for selecting such a low bandwidth is to approximate the rectifier output voltage dynamics to the turbine/generator speed dynamics.
B. H-Bridge Converter Control
In order to inject into the grid, the same amount of energy that is being extracted from the wind, a power balance is performed in the system through the dc-link voltage. The dc-link voltage, v dc , is set to a fixed reference value, v * dc , that can only be kept constant by injecting the appropriate amount of current to the grid, i g . The dc-link voltage is controlled with a PI controller augmented with a notch filter (5), as can be seen in Fig. 1 
where k p is the proportional gain, and k i is the integral gain, ξ z and ξ p are the damping coefficients of the notch filter zeros and poles, respectively, and ω n is the central frequency of the filter. It is noted that the controller gains are different to the PI controllers already described. The notch filter is used to prevent the controller from rejecting the necessary dc voltage oscillation required to absorb the instantaneous power difference between a three-phase system, the PMSG, and a single-phase grid connection. Otherwise this oscillation would be translated to the controller output which is the RMS grid current command, i * g R M S
. The controller has been tuned to achieve a closed-loop bandwidth of 40 Hz with the notch filter providing −20 dB of attenuation at 100 Hz (i.e., single-phase instantaneous power pulsation).
In order to achieve unity power factor, the RMS grid current
, is synchronized with the grid voltage using a synchronous phase-locked loop (PLL) algorithm [31] , shown in Fig. 1(c) . The instantaneous grid current command, i * g , is injected into the grid by means of the H-bridge inverter, controlled by a proportional-resonant (PR) controller
where k p and k r are the proportional and resonant gains, respectively, and ω r is the resonant frequency. The proportional gain has a different value than the controllers previously described. This type of controller ensures zero tracking error at the resonant frequency which is set to the grid frequency. The controller has been tuned to achieve a closed-loop bandwidth of 500 Hz, a worst-case disturbance rejection frequency response of −30 dB, and a resonant frequency of 50 Hz.
IV. OVERSPEED CONTROL INTEGRATION
High rotor speed in the wind turbine can be harmful, as both the turbine and the electronic components can be damaged or destroyed due to mechanical failure or excessive high back EMF voltages. A very high wind speed may produce a torque that could not be counteracted by the generator, eventually resulting in an excessive rotor speed. Some type of protection against high wind speeds is therefore mandatory.
A method to allow the wind turbine to operate safely with high wind speed is proposed in this section. The protection is integrated along with the MPPT control. It is assumed that neither wind speed sensor nor shaft speed sensor are available. The rectifier output voltage will be used to indirectly control the turbine speed according to the curves shown in Section II-B.
The block diagram of the proposed protection scheme can be seen in Fig. 7 , corresponding with the block "v * r min generator" seen in Fig. 1(b) . This system will provide a rectifier voltage reference, v * r , for the rectifier output voltage PI controller, shown in Fig. 1(b) . The rectifier voltage reference consists of a constant voltage reference, v * r min and a variable voltage reference, Δv * , tracking the maximum power point. Those two commands will be generated by the blocks labeled as "v * r min generator" and "MPPT Tracker" in Fig. 7 . The operation of each block in Fig. 7 is explained as follows.
A. Low-Pass Filters (LPF)
The rectifier output voltage, v r , and the boost current, i b , contain a significant amount of ripple due to the switching of the rectifier and of the boost converter. The information contained in the lookup tables (LUT) that will be described in the following sections is based on average values of both magnitudes. Therefore, LPF is applied to both signals to obtainṽ r andĩ b , respectively. The filters, shown in Fig. 7 , are first-order LPF
where ω co is the cutoff frequency of the filter in rad/s. The cutoff frequency of the rectifier output voltage filter has been set to 2 Hz, while the boost current filter has been tuned to 100 Hz.
B. MPPT LUT
The MPPT LUT contains an approximation of the actual MPPT of the generating system. Fig. 5 shows the actual MPPT (dotted line) and the approximation used (straight line segments). This simplification does not introduce meaningful losses in the harvested power in the system under study. If required, a more detailed LUT can be easily generated.
The input for the MPPT LUT block is the filtered rectifier output voltage,ṽ r , and the output is the corresponding MPPT current reference, i mppt , instead of the corresponding power magnitude. This current reference is simply obtained by dividing the power obtained from the approximated MPPT line between the filtered rectifier output voltage.
C. Current Limit LUT
The "i limit LUT" block in Fig. 7 provides a current reference to early detect if the wind turbine can surpass the rated torque of the generator at some rotor speed due to the actual wind speed. This reference has been set to approximate the current curve for a wind speed of 14.8 m/s in the MPPT region, as can be seen in Fig. 6 , since the torque produced by this wind speed can be serviced by the generator at all rotor speeds. If the current delivered by the generator is higher than this limit at some rotor speed at steady state, this will indicate a wind speed higher than 14.8 m/s. Below V R MIN , the i limit has been set to a higher value to allow wind speeds up to 21 m/s accelerate the turbine to V R MIN . It must be pointed out that this value is imprecise since during acceleration and deceleration, the current delivered must differ for the same wind speed, and it is only used to detect relatively high wind speeds. 
D. Overcurrent Detector
The "overcurrent detector" block is an up/down counter that increases whenever the current is larger than the rated value, and decreases if it is smaller. If the counter reaches a pre-established threshold, an overcurrent flag is set and it will only be reset when the counter returns back to zero. The count up and count down steps can be unevenly selected; in the implemented algorithm the count down was set to be four times faster than the count up. The threshold at which the flag is set on is selected in this study by measuring the transient time needed to bring down the voltage from V R MAX to V R MIN when the turbine is driven by a wind speed of 21 m/s, which is the maximum wind speed that can be braked at any rotor speed by temporary surpassing the rated current. The detailed flow chart of this block can be seen in Fig. 8 .
E. Minimum Rectifier Output Voltage Reference Generator
The "v * r min generator" block will provide a rectifier voltage ramp command from zero to V R MIN , where the system starts tracking the MPPT. The idea behind this reference generator is to have control over the turbine speed/voltage as soon as it starts to rotate, not leaving the turbine to accelerate uncontrolled toward the cut-in voltage, V R MIN . This is necessary to prevent a high wind speed from building up an excessive turbine torque at that voltage level.
The slope of the voltage ramp reference is selected to resemble the voltage increase dynamics produced by a wind speed of 14.8 m/s. It is recalled that this wind speed is the highest that can be serviced by the system without surpassing the rated current in the whole rotor speed range, as can be seen in Fig. 6 . This ramp reference will force the rectifier output voltage controller to brake the turbine from start if the wind speed is higher than 14.8 m/s. For wind speeds lower than 14.8 m/s, the controller output will saturate to zero allowing the turbine to accelerate at a rate only imposed by the wind. The process to generate such a ramp is not straightforward since it must be only generated if the wind blows. It can be summarized in the flow chart seen in Fig. 9 and it is explained next.
When the rectifier output voltage is below V R SAFE [see Fig. 9(a) ], the method first checks if the voltage is increasing [see Fig. 9(i) ]. In that case, the voltage command is also increased [see Fig. 9(l) ]. If the new voltage command is above V R SAFE and the boost current is higher than i limit [see Fig. 9(m) ], then the voltage command is limited to V R SAFE [see Fig. 9(n) ]. At this point, the reference is maintained constant whenever the current exceeds i limit . This prevents high speed winds from developing excessive torque at higher rotor speeds. The minimum wind speed at which the turbine operates with reduced rotor speed will depend on the selection of i limit for the voltage V R SAFE . With the selection made in this study the implemented protection will prevent the rectifier output voltage, and thus, the turbine speed, from increasing when the turbine blades are pushed by a wind speed above 31 m/s.
If the rectifier output voltage is still or decreasing due to the absence of wind, its magnitude is compared with V R SAFE [see Fig. 9(j) ]. If this value is much smaller than V R SAFE then the voltage command is reset to the actual voltage [see Fig. 9(k) ]. This reset is necessary to avoid an uncontrolled acceleration if the wind returns. Otherwise the command is kept constant.
Once the rectifier output voltage is above V R SAFE due to admissible wind speeds, a checking is done on the overcurrent flag provided by the overcurrent detector [see Fig. 9(b) ]. If an overcurrent situation is not detected, the voltage increase is checked [see Fig. 9(c) ]. If the voltage is increasing the voltage command is also increased [see Fig. 9 (f)] up to a maximum V R MIN [see Fig. 9(g) ]. In the opposite case, the reference is kept constant or made equal to the voltage [see Fig. 9 (h)] depending on the voltage and current level [see Fig. 9(d)] .
If an overcurrent situation created by a strong wind is detected, the minimum voltage reference is decreased toward V R SAFE see [ Fig. 9(e) ]. This will make the current to decrease once steady state is reached.
In case of very high wind speeds, the required current can excess the ultimate limits of the machine and/or power converter. In this case, a crowbar or a mechanical brake must be activated [28] to stop the wind turbine. Since no wind speed information is available, deciding when the wind turbine must be restarted is not trivial, as the wind turbine would start and stop repeatedly if the high wind condition remains. The proposed method overcomes this situation. Once the turbine has been stopped, it can be immediately restarted since the minimum rectifier output voltage reference generator will prevent the turbine from accelerating while the high wind condition remains.
F. MPPT Controller
Once the rectifier output voltage exceeds the cut-in voltage V R MIN , the MPPT block starts producing an additional reference Δv * r needed to track the maximum power point. This reference will be increased or decreased depending on whether the boost current is higher or smaller than the i mppt provided by the MPPT LUT, as seen in Fig. 7 . The voltage step must be selected not to delay the voltage increase nor to speed up the voltage decrease (i.e., not to draw a current much higher than i mppt ) in the wind speed range never producing a torque above the rated value (i.e., below 14.8 m/s in Fig. 6 ). The detailed flow chart of this control block can be seen in Fig. 10 .
This block also introduce protections against high wind speeds arising during the MPPT operation. If the boost current is eventually larger than i limit , the voltage reference is held constant. This situation is produced when a wind speed is ideally greater than 14.8 m/s. In the opposite case, if the MPPT tracker kept increasing the voltage, the current might surpass the rated value at a higher rotor speed. By keeping the voltage command constant (i.e., rotor speed) that situation is avoided.
In the event, the current exceeds the rated value due to a high wind speed, the voltage is decreased. This will result in a transitory increase of the current level to achieve a higher torque, reducing the voltage reference, and thus, the actual voltage, to V R MIN . The voltage slope must be selected to tradeoff the maximum peak transient current and the total time needed to reduce the voltage, considering the dynamic limitations imposed by the rectifier output voltage controller. A solution in which the voltage is not required to reduce to V R MIN while maintaining the rated current, is currently being developed. This is accomplished in power-based stalling methods by adding a delaying filter in the feedback loop [8] . However, the addition of such delay must be carefully studied, since in the event of increasing wind and for high wind conditions, the control of the turbine could be lost.
V. SIMULATION RESULTS
To test the performance of the proposed method, several simulations for different wind conditions were carried out. PSIM software from Powersim was used for this purpose. The turbine, generator, and boost converter parameters used in simulation were the same as for the actual system, shown in Tables I-III, respectively. The power switches for both the boost converter and the H-bridge were modeled as ideal switches, reducing the computational burden. This will lead to slightly better results in terms of system efficiency than the actual system, but does not have a significant impact for the analysis presented in this paper. The switching and sampling frequency are set to 20 kHz in the boost converter and 10 kHz in the H-bridge inverter. The control loops were implemented in a C language function block for easiness of portability to the hardware controller.
Two examples including increasing and decreasing wind conditions have been selected to illustrate the behavior of the proposed technique. Fig. 11 shows an example of the turbine behavior under increasing wind conditions starting from rest. The wind speed is 10 m/s for 10 s, then it changes to 17 m/s, and at 13 s increases again to 33 m/s. The 17 m/s wind speed exemplifies the case of a wind speed that can be always handled by the generator by temporary surpassing the rated torque/current, as can be seen in Fig. 6 . A wind speed of 33 m/s represents a case that can eventually produce a torque higher than the absolute maximum limit of the turbine, also seen in Fig. 6 .
A. Increasing Wind Conditions
The 10 m/s wind speed makes the turbine to accelerate, making a rectifier voltage command v * r to be generated by the v * r min generator block [see Fig. 11(a) ]. Since the rectifier voltage command is larger than the actual voltage, no boost current will be commanded to be drawn from the generator [see Fig. 11(b) ] and the turbine will speed up at a rate only dictated by the turbine torque [see Fig. 11 (c) and (d)].
When the rectifier voltage reaches the cut-in voltage (V R MIN = 280 V), the MPPT control block is activated and some current starts to be extracted from the generator. The boost current, i b , and the target MPPT current, i mppt , are forced to converge by the MPPT control block, as shown in Fig. 11(b) .
At 10 s, a sudden change of the wind speed from 10 to 17 m/s occurs. Although such wind speed change is not realistic in practice, it is useful to evaluate the control dynamics, and will be used both for simulation and experimental cases. The new wind speed results in a large increase of the turbine torque that must be counteracted by the generator [see Fig. 11(c)] . The required boost current is consequently larger than the rated current and the overspeed control makes the voltage command to decrease to V R MIN to reduce the speed, and thus, the turbine torque [see Fig. 11(c) and (d) ]. This makes to further increase the boost current for a while, in order to produce enough torque to brake the turbine. As it was stated before, the system must be designed to withstand a short time overcurrent. At the end of that transient, the current is again under the rated value.
At t = 13 s, the wind changes to 33 m/s. Since this wind speed can be above the controllable limits at a relatively low rotor speed, the voltage command is reduced to V R SAFE by the proposed method. This is accomplished by the overcurrent block described in Section IV. After measuring a current above the rated value for a predefined time the overcurrent flag is activated making the voltage command to decrease. This can be seen in Fig. 11(a) and (b) .
B. Decreasing Wind Conditions
An example of the turbine behavior under decreasing wind conditions starting from rest can be seen in Fig. 12 . The wind speed is 30 m/s for 4.5 s, then it changes to 21 m/s, and at 9 s decreases to 8.5 m/s. In this case, the 30 and 21 m/s speeds have been chosen as examples of a wind speed that can exceed the generator maximum capabilities, and a wind speed that can be always handled by transitory surpassing the rated torque, respectively.
The v * r min generator block detects an increasing voltage from startup and commands a voltage reference that limits the acceleration of the wind turbine, as can be seen in Fig. 12(a) and (b) . Since a current larger than i limit is required to produce the necessary torque [see Fig. 12(c) ], the voltage command is held equal to V R SAFE once this value is reached. This operating point will prevent the system from repeated start and hard stop cycles, and will keep the generator producing some power at high wind speed.
At t =4.5 s, the wind speed decreases to 21 m/s and the voltage command increases to reach the cut-in voltage (280 V) in which the MPPT mode starts. At that point, the voltage command increases in an attempt to make the boost current, i b , to match with the i mppt command. Since that wind speed can produce torque levels higher than rated torque at some rotor speed in the MPPT range, the system must limit the overcurrent situation. That event is early detected by the proposed method when the actual current surpasses i limit , as can be seen in Fig. 12(b) . Then the voltage is decreased to V R MIN by transiently surpassing the rated current/torque [see Fig. 12(b) and (c) ]. The advantage of the proposed method is that the duration and magnitude of this current transient will be smaller than in case of waiting for the current to surpass the rated value.
The wind speed changes to 8.5 m/s at t = 9 s. The boost current drops since a lower torque is required to maintain the turbine speed/rectifier voltage. Therefore, after some predefined time the overcurrent flag is set to zero and the MPPT control is reactivated. A higher rectifier voltage is then commanded to force to boost current i b to follow the MPPT current command, i mppt , as can be seen in Fig. 12(a) and (b) . The simulations show that the method works as intended.
VI. EXPERIMENTAL RESULTS
The proposed control method has been tested on a prototype system that can be seen in Fig. 13 [7] . The wind turbine in Fig. 1 is emulated using a four-pole 11-kW vector controlled induction motor drive, labeled "load motor" in Fig. 13 . The induction motor is controlled with an Emerson Unidrive SP2403 drive, integrating a SM Applications Lite Module V2 board, programmed to impose a torque in the load motor equivalent to that of the wind turbine of Table I , based on the rotor speed feedback and the commanded wind speed. An 12-pole 2.5-kW Alxion 190STK3M alternator whose parameters can be found in Table II is used as a generator. The rated power mismatch between the two machines compensates for the different pole number, making the load motor to be able to produce the necessary torque at low speed. This solution was taken since similar power 12-pole induction motors were not available in the lab. The total inertia of the experimental system is the sum of the generator inertia, shown in Table II , and the induction motor inertia, having a value of 0.091 kg · m 2 . An integrated controller and power converter using the topology shown in Fig. 1 , has been built to control the PMSG as can be seen in Fig. 13 . This board also includes the current and voltage sensors, only the line filters being external to that board. The board mounts a Texas Instruments TMS320F28335 digital signal controller where all the described control loops and algorithms are implemented. The boost converter parameters are seen in Table III. As it has been described, the simulation parameters are the same as those of the experimental setup, including the sampling and switching frequencies. It is noted however that two differences exist between the simulation and the experimental setup: 1) the inertia in the experimental setup is significantly smaller than that of the simulation (and the actual wind turbine), 2) the rectifier voltage ramp generator starts once the rectifier voltage reaches 100 V, to overcome some experimental setup limitations at low speed and low torque. It is noted that both differences imply more challenging dynamic operating conditions for the experimental setup case compared to the simulation setup case, but smaller current levels are expected during transients due to the smaller inertia constant.
Experimental results with the same wind changing conditions as in the simulations are presented here for easiness of comparison. simulation case of Fig. 11 . The main differences come from the reduced inertia constant of the experimental setup. The lower inertia constant makes the acceleration from zero speed much faster than in the simulation case. This makes the voltage controller to demand some current from the beginning to make the rectifier voltage, v r , to stick to the voltage command, v * r . Once in the MPPT region, the tracking of the MPPT is much faster for the same reason.
A. Increasing Wind Conditions
When the wind speed changes to 17 m/s, the same behavior seen in the simulation of Fig. 11 is observed. The only difference is the smaller current effort during transients due to the lower inertia constant.
At 13 s, the wind speed changes to 33 m/s and the voltage is reduced to V R SAFE as in the simulation case. Again, the current demand is smaller due to the smaller inertia.
B. Decreasing Wind Conditions
In the test shown in Fig. 15 , the wind turbine starts rotating due to a wind speed of 30 m/s, as in the simulation of Fig. 12 . The behavior of the turbine is similar to that shown in the simulation. As in the previous case, the main differences come from the fact of having different inertia constants. This makes the transients to be faster and with lower current values than in the simulation tests.
It is noted that, in both increasing and decreasing wind condition cases, all the variables reach to values very close to those shown in the simulations at steady state, proving the practical application of the proposed method.
VII. CONCLUSION
The operation of small wind turbines for domestic or small business use is driven by two factors: cost and almost unsupervised operation. Especially important is the turbine operation and protection under high wind speeds, where the turbine torque can exceed the rated torque of the generator. This paper proposes a soft-stall method to decrease the turbine torque if a high wind speed arises and, as a unique feature, the method is able to early detect a high wind condition at startup keeping the turbine/generator running at low rotor speed avoiding successive start and stop cycles. The proposed method uses only voltage and current sensors typically found in small turbines making it an affordable solution. Both simulation and experimental results demonstrate the validity of the proposed concepts. This paper also shows that commonly used machine and rectifier models assuming unity power factor do not provide accurate estimations of the generator speed in loaded conditions, even if the resistive and inductive voltage drop are decoupled, due to the significant circulation of d-axis current if a PMSG is used. This paper proposes using a precommissioned LUT whose inputs are both the rectifier output voltage and the boost current.
